The reactive ion etching of p-InGaP and p-GaAs using CH 4 /H 2 was examined through design of experiment techniques. The etch rate of InGaP and GaAs, the etch rate ratio of InGaP over GaAs, and the dc bias were optimized by fractional factorial design as a function of total gas flow rate, methane composition, total pressure, and rf power. It was found that the rf power and the total chamber pressure were the most significant parameters in the reactive ion etching process. Models were created to describe the change of each response over a range of etching parameters.
I. INTRODUCTION
InGaP lattice matched onto GaAs substrates has drawn attention to its potential applications in advanced photonic and microelectronic devices. Since the InGaP/GaAs material system lacks Al, it is less prone to surface oxidation and easier to process than AlGaAs/GaAs materials. 1 InGaP is a good candidate for devices requiring a regrowth step and can be more suitable than AlGaAs as a cladding layer for InGaAs/GaAs strained quantum well lasers. Al free lasers will have higher reliability since AlGaAs lasers will gradually degrade from Al oxidation. 2 InGaP can also be implemented for optical devices such as lasers and detectors. Other potential high-performance applications for InGaP/GaAs compounds include field-effect transistors, high electron mobility transistors, and heterojunction bipolar transistors as high speed and microwave devices. [3] [4] [5] In order for the potential applications for InGaP to be realized, it is essential that reliable processes be found to fabricate these advanced devices. Also, process repeatability is an important issue since processes are useful and efficient only if they are predictable and robust. By experimentation, variations in processes need to be identified and accounted for. To make use of the InGaP/GaAs material system, it is, therefore, necessary to investigate potential techniques to etch and define fine structures in InGaP. HCl:H 3 PO 4 , HCl, and bromine/methanol have already been shown to be effective etchants of InGaP. [1] [2] [3] Although the known advantages of wet etching are reproducibility, reliability, and high selectivity, wet chemicals etch isotropically and may not be desirable for devices with small features. In contrast, dry etching processes such as reactive ion etching ͑RIE͒ have exceptional dimensional control and can yield anisotropic profiles with higher aspect ratios. Care needs to be taken, however, to minimize possible damage to the crystalline structure of etched materials since RIE is partially a physical process.
To date, there have only been a handful of reports focusing on the dry etching of InGaP. 4 /H 2 is a more attractive option than others because it is less toxic and less corrosive than chlorine gas mixtures and can produce a smooth, anisotropic etch. 8 There are many factors such as rf power, rf frequency, electrode separation, flow rate, gas composition, and chamber pressure that control RIE characteristics. To simultaneously examine several factors that influence etching characteristics, the experimental design method can be implemented. Experimental design is a powerful tool that can maximize the information interpreted from a given amount of data and enhance understanding of the results. 9, 10 The experimental design method has been demonstrated as an effective means to examine the characteristics of RIE.
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Using a computer program, Carpi et al. implemented a threelevel fractional factorial design method to optimize the etching of AlGaInAs in CH 4 /H 2 . Traditional experimentation follows the idea of changing one variable while keeping all other variables constant. This method is inefficient and may be incomplete compared to the information gained from experimental design. In experimental design, a structured means of testing each variable is presented that maximizes the amount of data generated with a minimal amount of effort. For simplicity, we used a two-level fractional factorial design to investigate the effects of four etching parameters on four different responses. A three-level experiment could have been performed, and it would have revealed if the etching factors affect the responses quadratically. Significantly more runs would be required to gather the additional data while the three-level experiment would also add complexity to the calculations. Also, if the responses are not quadratic, a͒ Electronic mail: k-cheng@uiuc.edu the three-level experiment would not reveal more information over a two-level one. A two-level experiment is more manageable to calculate and it will allow us to understand the significance of different etch parameters. Therefore, we chose to conduct a two-level experiment. In hindsight we found that the examined responses were not quadratic in nature and that the two-level experiment adequately determined the relationship between the process parameters and the responses of interest.
II. EXPERIMENT

A. Experimental design
In this experiment, four etching parameters, total gas flow rate, percent composition of methane, pressure of the etching chamber, and rf power, were varied as listed in Table I . These four parameters can be directly controlled and are significant in the operation of a RIE system. The flow rate of the process sets the amount of gas that can enter the etching chamber. The gas will be partially excited into an active species, and the flow rate will also determine the resident time the excited species are available to react with the material. As an excited species, the gases will either physically or chemically react with the semiconductor surface. At lower pressures, active species will be able to travel farther and gain greater momentum before running into another particle. The species should etch deeper into material with fewer obstructions. Since RIE is more of a physical process, the rf power of the process will affect the etch rate of InGaP through the sputtering ability of the active species. Four responses of interest that include the etch rate of p-InGaP, the etch rate of p-GaAs, the etch rate ratio of p-InGaP over p-GaAs, and the dc bias were observed and recorded as shown in Table I . The decision was made to examine the difference in the etch rate of p-InGaP over p-GaAs in order to exploit the possible use of p-GaAs as an etch stop layer for p-InGaP. A two-level factorial design method 10 can be implemented to measure these four responses due to the four different etching parameters.
In a full-factorial experiment, every possible combination of etch parameters would be tested, and since there are four variables having two possible levels, the number of unique etching situations is calculated to be 2 k ϭ2 4 ϭ16 where k is the number of variables. Also, in order to judge the relative importance of each etch parameter and the interaction between parameters, it is necessary to replicate each unique set of etch parameters at least once so the number of runs is at least doubled to 32. Replication will allow the direct measurement of variation or experimental error. Generally, it may not always be practical to run a full-factorial experiment and test every possible combination of variables due to limited resources. In a full-factorial experiment, interactions involving three or more variables are often small and insignificant. Two or more variables are considered to be interacting when, in conjunction, they dependently affect the overall response. If only two-factor interactions and the variables alone are significant, then there will be redundancy in the collected information of three factor or higher interactions. Assuming higher-order interactions between the different etching parameters are negligible, a fractional 2 kϪ p factorial experiment, where p variables are added to the full factorial having kϪ p variables, can be used instead. The number of runs with replication can then be halved to 2ϫ2 4Ϫ1 ϭ16 without the loss of relevant information. Therefore, four variables can then be examined at two different levels with single replication in 16 trials. A consequence of fractioning a full factorial is that the estimates of the two-factor interactions will be confounded where these estimates will actually be a sum of two different two-factor interactions. 10 After running the experiment, the significant effects for each response can then be used to characterize each of the four responses for varying etch parameters.
From previous experience in etching InGaP, it was decided to test the four variables at two setting levels: 30 and 50 sccm for the total flow rate, 10% and 20% for the methane composition, 20 and 50 mT for the total pressure, and 120 and 160 W for the rf power. Since we knew that there would be a positive relationship between the power and the etch rate, we chose to conduct the DOE at powers of no less than 120 W to avoid significantly longer etching times. It was also decided to set the upper range of the power to no more than 160 W since there would be a greater chance of semiconductor damage from excited ions at higher powers. Table II lists the settings of each process in the experiment. The first variable, the flow rate, was assigned the coded variable x 1 with values of Ϫ1 and ϩ1 that corresponded to the low and high setting levels. Likewise, the second and third 4 : dc bias of the system ͑V͒ variables, methane composition and total pressure, were assigned, respectively, to the coded variables x 2 and x 3 with values of Ϫ1 and ϩ1. By fractional factorial design, the fourth variable, rf power, was assigned to the coded variable x 4 that also is associated with the x 1 x 2 x 3 interaction since the three-factor x 1 x 2 x 3 interaction is assumed to be negligible. 10 By fractional factorial design, every possible combination of x 1 , x 2 , x 3 , and x 4 does not have to be tested to elicit the necessary information to characterize the process. The run order was randomized to reduce possible bias.
B. Equipment and procedures
The samples used were Be-doped ͑8ϫ10 17 cm
Ϫ3
͒ InGaP and Be-doped ͑7ϫ10 18 cm Ϫ3 ͒ GaAs grown by gas source molecular beam epitaxy. A Plasma Technology Plasmalab P RIE system operating at 13.56 MHz was used to etch the materials. The cathode in the etching chamber had a diameter of 17 cm and a separation of 5 cm from the anode. Both the anode and the cathode were water cooled to roughly 23°C, and the aluminum cathode was covered with a quartz plate to protect the cathode from sputtering. A Tencor Instruments alpha-step 200 profilometer measured the depth of each etch.
Both sets of samples were cleaned in acetone, methanol, and de-ionized water. A 20-m-wide stripe photoresist mask was patterned on the two materials using standard photolithography processes. Following development, the photoresist mask was baked at 125°C for 10 min to harden the photoresist against the RIE. The samples were then briefly put in an O 2 planar plasma chamber to remove any residues from the developed areas of the photoresist. The samples were finally cleaved into individual pieces for the experiment and placed on the quartz plate in the etching chamber.
Prior to each process, the etching chamber was cleaned in an O 2 plasma ͑30 sccm, 100 mT, 100 W͒ for 5 min followed by a H 2 plasma ͑30 sccm, 100 mT, 100 W͒ for another 5 min. These gases have been effective in removing organic residues that may have been left from prior processes. For each run, a p-InGaP and a p-GaAs sample were loaded simultaneously into the etching chamber and etched for 15 min. At the end of each process, the dc bias was measured and then the samples were unloaded. Photoresist and any organic materials that may have redeposited on the surface of the samples during the etching process were removed with a chemical photoresist remover. The mesa heights were measured in different areas on each sample with the profilometer. An average depth of each etch was then calculated and an etch rate was found for each 15 min process, and the etch ratio was found as the etch rate of InGaP over the etch rate of GaAs for each set of process parameters.
III. RESULTS AND DISCUSSION
The average effect, the main effect of each variable, and the interaction effects between variables were calculated from the data as outlined in Ref. 10 , and the results are listed in Table III . E i and E i j are the effects corresponding to the variables x i and to the interacting variables x i x j . The main effect of a variable, E 1 , E 2 , E 3 , and E 4 , can be physically interpreted as the average amount of change observed when only that variable is changed. Likewise, the interaction effects between variables, E 12 , E 13 , and E 23 can be interpreted as the average change observed when a set of variables is changed. Finally, the average effect E 0 is the observed effect when all the variables are set to zero. For each calculated value, the sign reveals the positive or negative nature of the effect to the response and the magnitude shows the significance of the data. Since this is a fractional factorial experiment, the two-factor interaction effects are confounded. E 12 actually describes the sum of the effects due to the x 1 x 2 interaction and the x 3 x 4 interaction, E 13 is the sum of the x 1 x 3 and the x 2 x 4 interactions, and E 23 is the sum of the effects due to the x 2 x 3 and the x 1 x 4 interactions.
The average, main, and interaction effects were examined to determine if they were statistically significant. A powerful theorem in statistics, the central limit theorem, states that sample means will be distributed normally even if the samples are drawn from a non-normal population. 10 By the central limit theorem, the experimental estimates of these effects should be normally distributed and centered around zero, if they are insignificant and truly random, since these estimates are in essence sample means for different sets of etching variables.
Since the population variance is unknown and is estimated by the sample variance, the effect estimates are dis- 
tributed following a t distribution with 8°of freedom that correspond to 8 unique test conditions. Ninety-five percent confidence intervals for the average, main, and interaction effects were calculated and plotted in Fig. 1 . These intervals were found from the pooled sample variance and sample variance of the effect. 10 The plots in Fig. 1 show the interval where there is 95% confidence that the true mean value for the average, main, and interaction effects lie. Each effect is judged to be either significant or not significant depending if its corresponding confidence interval lies across zero. If the interval contains zero, the effect is judged to be not significant since the true mean value of the effect could plausibly be zero ͑ E ϭ0͒. Its observed value from the experiment is, therefore, not significant and can be attributed to random variation in the experiment. Otherwise, if the confidence interval does not contain zero, the effect is judged to be significant, and it cannot be attributed to random variation. Thus, the corresponding change in the etch parameters for this effect did significantly affect the response.
From Fig. 1͑a͒ , the confidence intervals for the average response and main effects, E 0 , E 1 , E 2 , E 3 , and E 4 , do not cross E ϭ0, therefore these effects and the corresponding etch parameters are judged to be significant to the etch rate of p-type InGaP with 95% certainty. Likewise, only E 0 , E 3 , and E 4 are significant to the etch rate of p-GaAs ͓Fig. 1͑b͔͒, E 0 to the etch ratio of p-InGaP to p-GaAs ͓Fig. 1͑c͔͒, and E 0 , E 3 , and E 4 to the dc bias ͓Fig. 1͑d͔͒. In Fig. 1͑d͒ , the confidence interval for E 0 is not within the plot since the magnitude of the mean effect E 0 is much greater than the other effects. It is interesting to note that in all the examined responses none of the confounded interaction effects, E 12 , E 13 , E 23 , was significant to the overall response, and so the etching variables only independently affected the overall responses. The total flow rate of the gases, the percent composition of methane, the pressure of the chamber, and the rf power were all significant to varying degrees in determining the etch rate of p-InGaP. By looking at the magnitudes of the main effects in Table III , we can see that rf power and chamber pressure were the most significant variables. Only the total pressure in the etching chamber and the rf power were important to the etch rate of p-GaAs and in setting the dc bias. Therefore, changes in the gas flow rate and the amount of methane should not affect these two responses. None of the main effects was significant as well in determining the etch ratio of p-InGaP over p-GaAs. This shows that this response is not significantly dependent on the etching parameters.
For a full factorial experiment, the general equation for modeling each response due to the varying etching parameters can be written as
The b i terms are the model coefficients of the predicted response ŷ i and correspond to the respective observed average, main, and interaction effects. The x i terms are the setting levels ranging from ϩ1 ͑high͒ to Ϫ1 ͑low͒. In the full factorial model for three variables, second and third order interactions are explicitly shown in Eq. ͑1a͒. In the fractional factorial experiment, we assume the higher order, threefactor interaction is insignificant, and x 4 can be substituted for x 1 x 2 x 3 , thereby allowing a fourth etching parameter. Equation ͑2a͒ predicts the etch rate of InGaP, Eq. ͑2b͒ predicts the etch rate of GaAs, Eq. ͑2c͒ the etch ratio of p-InGaP over p-GaAs, and Eq. ͑2d͒ the dc bias. To check for inadequacies in these models, model residual errors, the differences between the observed response and the model predictions, were calculated. These residuals were compared against run order, predicted responses, and setting levels. The residuals were found to be random over time, against the predicted responses, and for different setting levels. Figure 2 shows the graphs of the residuals against the predicted responses for each of the models. To evaluate the model fit the coefficient of determination, R 2 , was calculated for each model. R 2 measures the percentage of the total variability of the data that can be accounted for by the model and is calculated by dividing the model sum of squares by the total sum of squares of the response. Greater detail on how to calculate R 2 is given in Ref. 10 . The model for the etch rate of InGaP had a R 2 value of 95.4%, 90.5% for the etch rate of GaAs, 88.7% for the etch ratio between the two materials, and a R 2 value of 99.9% for the dc bias. It can then be concluded that the predicted models are unbiased, and the models adequately characterize the actual responses and can account for much of the response variability found in the experiment.
At higher levels of bias, it is commonly known that there will be a greater amount of surface damage to the semiconductor due to energetic ions. Therefore, the dc bias needs to be minimized if possible. The predicted response for dc bias ŷ 4 is at a minimum when the total pressure is set to 50 mT ͑x 3 ϭϩ1͒ and when the rf power is 120 W ͑x 4 ϭϪ1͒. These parameters will produce a minimal dc bias of 500 V as predicted by the model. At these settings the model for the etch rate of p-InGaP will not be at the maximum rate predicted by the model when all the independent variables are high ͑x 1 ϭϩ1, x 2 ϭϩ1, x 3 ϭϩ1, x 4 ϭϩ1͒. Although the rf power is set at the lower level of 120 W, the remaining variables can be set high for a reasonable predicted etch rate of 177 Å/min ͑x 1 ϭϩ1, x 2 ϭϩ1, x 3 ϭϩ1, x 4 ϭϪ1͒. Also, the etch rate of GaAs is estimated to be 48 Å/min. Therefore, this process can be implemented to etch p-InGaP and p-GaAs while taking advantage of an InGaP over GaAs etch ratio of 2.9. It is interesting to note that the difference in etch rates between the materials is independent of the etching parameters. Therefore, from the method we used to calculate the etch ratio of p-InGaP over p-GaAs, we see that there is an innate constant in etch rate ratio between the two materials for the CH 4 /H 2 RIE system. This difference in etch rates can then be exploited to make use of GaAs as an etch stop layer for InGaP.
Samples of InGaP and GaAs were then etched with the settings of x 1 ϭϩ1, x 2 ϭϩ1, x 3 ϭϩ1, and x 4 ϭϪ1 to verify the predicted etch rate. This translates to a total gas flow of 50 sccm, a methane composition of 20%, an etching pressure of 50 mT, and a rf power of 120 W. The etch rates were observed to be 171 Å/min for InGaP and 48 Å/min for GaAs. Although this combination of x 1 , x 2 , x 3 , and x 4 was not in the original set that was applied to the experiment, the observed values fell close to the predicted values of 177 and 52 Å/min. This result is helpful in confirming that the predicted responses are possible and repeatable. The dc bias for this process was measured to be 510 V whereas the expected value was 500 V. In addition, the etch ratio between InGaP and GaAs was found to be 171/48ϭ3.6. By implementing the experimental design method, the etch rates of InGaP and GaAs were predicted with reasonable accuracy.
InGaP was also etched with these parameters for periods longer than 15 min. It was observed that a polymer deposited onto the samples during processes required longer periods of time. Similar observations of polymer deposition during RIE of CH 4 were noted in other reports. [11] [12] [13] Polymer deposition on the exposed areas of the samples can lead to rough surfaces. 12 After each etch, the polymers were effectively removed during the wet chemical removal of the photoresist. There has been concern in the surface quality of etched materials when using H 2 .
12 Figure 3 shows surface roughness that occurs when H 2 reacts with group V elements in III-V compounds. Figure 3 also shows a sample that was etched to a depth of 1.4 m and the anisotropic profiles that can be achieved with dry etching.
IV. CONCLUSION
The reactive ion etching of p-InGaP and p-GaAs was investigated and characterized using the experimental method of fractional 2 kϪp factorial design. The etch rates of InGaP and GaAs were determined to be mostly due to the independent effects of each etching parameter. The dependent interaction effects between etching parameters were shown to be insignificant to the etching process. By fractional factorial design, the etch rate of InGaP and the dc bias can be accurately predicted while minimizing the bias to decrease surface damage from energetic ions. Actual tests also confirmed that the model for the etch rate of GaAs was adequate. The etch ratio of InGaP over GaAs was shown to be independent of the etch parameters and found to be about 2.9. This work was successful in demonstrating design of experiment techniques as a means to examine the effect of several factors to a set of responses and to assist the researcher in maximizing the amount of data generated with a minimal amount of effort. 
